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ABSTRACT: Serotonergic psychedelics are described to have
activation of the serotonin 2A receptor (5-HT2A) as their main
pharmacological action. Despite their relevance, the molecular
mechanisms underlying the psychedelic effects induced by certain
5-HT2A agonists remain elusive. One of the proposed hypotheses is
the occurrence of biased agonism, defined as the preferential
activation of certain signaling pathways over others. This study
comparatively monitored the efficiency of a diverse panel of 4-
position-substituted (and N-benzyl-derived) phenylalkylamines to
induce recruitment of β-arrestin2 (βarr2) or miniGαq to the 5-
HT2A, allowing us to assess structure−activity relationships and
biased agonism. All test compounds exhibited agonist properties
with a relatively large range of both EC50 and Emax values.
Interestingly, the lipophilicity of the 2C-X phenethylamines was correlated with their efficacy in both assays but yielded a stronger
correlation in the miniGαq- than in the βarr2-assay. Molecular docking suggested that accommodation of the 4-substituent of the
2C-X analogues in a hydrophobic pocket between transmembrane helices 4 and 5 of 5-HT2A may contribute to this differential
effect. Aside from previously used standard conditions (lysergic acid diethylamide (LSD) as a reference agonist and a 2 h activation
profile to assess a compound’s activity), serotonin was included as a second reference agonist, and the compounds’ activities were
also assessed using the first 30 min of the activation profile. Under all assessed circumstances, the qualitative structure−activity
relationships remained unchanged. Furthermore, the use of two reference agonists allowed for the estimation of both “benchmark
bias” (relative to LSD) and “physiology bias” (relative to serotonin).
KEYWORDS: 5-HT2A, biased agonism, psychedelics, in vitro pharmacology, β-arrestin, miniGαq

1. INTRODUCTION
The serotonin (5-hydroxytryptamine, 5-HT) 2A receptor (5-
HT2A) is a G-protein-coupled receptor (GPCR) modulating
several physiological functions, e.g., platelet aggregation and
smooth muscle contraction.1 5-HT2A is also the main mediator
of the psychedelic effects elicited by the serotonergic
psychedelics or “classic hallucinogens,”2−4 even though these
substances typically have a complex pharmacology.5 Overall,
serotonergic psychedelics can be classified into three structural
classes: ergolines, such as lysergic acid diethylamide (LSD),
tryptamines exemplified by psilocin, and phenylalkylamines,
with mescaline as the prototypical representative.6 Extensive
exploration of structural modifications described in PiHKAL
(which is an acronym for Phenethylamines I Have Known and
Loved) and TiHKAL (Tryptamines I Have Known and
Loved) has resulted in an abundance of analogues.7,8 The
effects induced by serotonergic psychedelics may include
mystical experiences, empathic feelings, and an altered state of
consciousness, although certain substances can also lead to
(severe, not necessarily 5-HT2A-mediated) adverse events, such

as headaches, agitation, convulsions, rhabdomyolysis, renal
failure, and even death.2,9,10 Recent years have witnessed a
renewed therapeutic interest in psychedelics for the treatment
of mood and anxiety disorders, addiction, and potentially also
for the treatment of ocular hypertension, neurodegenerative
disorders, and inflammation.1,11−13

To mediate this myriad of effects, 5-HT2A can couple to a
variety of intracellular signal transducers that trigger distinct
signaling pathways and events. The receptor primarily couples
to Gαq, and the resulting activation of phospholipase C (PLC-
β) catalyzes the hydrolysis of phosphoinositides and the
formation of second messengers inositol triphosphate (IP3)
and diacylglycerol (DAG). IP3 causes the release of Ca2+ from
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intracellular stores, while DAG activates protein kinase C
(PKC), and both events in turn stimulate distinct signaling
cascades. Furthermore, 5-HT2A interacts with β-arrestin (βarr),
which is traditionally associated with receptor internalization
and desensitization but can also mediate intracellular signaling
cascades. Other responses induced by receptor activation
include the interaction with ARF-1 (ADP-ribosylation factor)
and the activation of effectors, such as RhoA, phospholipase D
(PLD), phospholipase A2 (PLA2, releasing arachidonic acid
(AA)), and mitogen-activated protein kinase (MAPK), inter
alia.1,4,11 Besides coupling to Gαq, also coupling to Gαi/o
proteins has been described to occur upon 5-HT2A
activation.14,15

Despite the relevance of 5-HT2A agonists, the molecular and
cellular mechanisms distinguishing psychedelic from non-
psychedelic compounds remain elusive. In terms of receptor
localization, a recent study suggests the intracellular 5-HT2A to
be responsible for the neuroplasticity-promoting effects of
psychedelic substances.16 One of the proposed hypotheses
concerning differences in signaling properties between

psychedelic and nonpsychedelic 5-HT2A agonists is the
signaling efficacy hypothesis, as the nonpsychedelic substance
Ariadne, a structural analogue of the psychedelic DOM,
showed reduced activity in different in vitro signaling
channels.17 Another possible explanation is the phenomenon
“biased agonism,” which is defined as a ligand activating one
(or a subset of) signaling pathway(s) of the receptor, in
preference to others.18−22 Biased agonism is thought to arise
from the stabilization of distinct active receptor conformations
by different ligands/agonists,23 and the 5-HT2A receptor was
actually one of the first GPCRs for which this phenomenon
was proposed.24,25 Historically, in vitro investigations of biased
agonism at 5-HT2A have compared PLC-mediated IP
accumulation and PLA2-mediated AA release.24,26−29 More
recently, βarr recruitment has been assessed comparatively to
Gαq protein activation/recruitment.30−32 In this context, a
recent study suggested that the βarr activity of 5-HT2A ligands
is important for the antidepressant effects of psychedelics,
while βarr recruitment alone appeared to be insufficient for the
psychoactive actions, indicating that these latter effects require

Figure 1. Schematic depiction of the structures of the phenylalkylamine analogues assessed in the present study, with phenethylamines (2C-X)
highlighted in gray, phenylisopropylamines (DOX) highlighted in yellow, and N-benzylphenethylamines (25X-NB) highlighted in blue. Orange
arrows denote the structural comparisons of compounds that only differ in terms of their 4-position substituent, green arrows indicate the
comparisons of 2C-X analogues with the corresponding DOX analogues, and blue arrows indicate the comparison between 2C-X analogues and
their N-benzyl-derived counterparts. The R2 and R3 substituents are consistent with Scheme 1.
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both G protein and βarr transduction. The authors propose a
βarr-biased nonhallucinogenic 5-HT2A agonist with antide-
pressant effects in mice.33 We recently published on 25CN-
NDHBF, the N-dihydrobenzofuran analogue of 25CN-NBOH,
which showed to be a more efficacious βarr-biased agonist, but
has so far only been assessed in vitro, with in vivo effects
remaining elusive.34 Kaplan et al., on the other hand, recently
reported on the discovery of a Gαq-biased nonpsychedelic 5-
HT2A agonist.35

The interpretation of ligand bias observed in in vitro studies
is challenging due to difficulties in the translation of in vitro
data to the in vivo situation, and difficulties in the
interpretation of in vitro data per se. Among potential
confounding factors related to the in vitro data are the
temporal aspect of the readout, different expression levels of
receptors and effector proteins between assays, the use of
different reference agonists or highly divergent techniques, and
the method of data analysis.18,20,36,37 In the present study, we
employed two highly analogous in vitro assay setups (miniGαq
and βarr2 recruitment to 5-HT2A) in a comparative assessment
of the structure−activity relationships (SARs) and the
potential biased agonism exhibited by a series of phenylalkyl-
amines. The observed differences in the pharmacological
signaling were interpreted via molecular docking. The results
obtained using the method we used in our previous
assessments,32,34,38 which employed LSD as a reference agonist
and a continuous 2 h activation profile for the calculation of
EC50 and Emax, were compared here to using serotonin as a
reference agonist and applying a different time point (the first
30 min of the continuous activation profile) for data
calculation. The assessment of two reference agonists allowed
for the estimation of two types of biased agonism: benchmark
bias relative to LSD, and physiology bias relative to serotonin.
Qualitative and quantitative methods were used to evaluate
these different types of bias.

2. RESULTS AND DISCUSSION
2.1. Structure−Activity Relationships of the Ligands

in Two Analogous Bioassays. A panel of diversely
substituted phenylalkylamines (Figure 1) was synthesized
and chemically characterized according to the procedures
described in Section 3. The compounds comprise phenethyl-
amines (2C-X, depicted in gray frames in the figure),
phenylisopropylamines (DOX, in yellow frames), and N-
benzylphenethylamine (25X-NB, in blue frames) derivatives.
All compounds were tested in parallel in βarr2- and miniGαq-
(the engineered GTPase domain of the Gαq subunit)39

recruitment assays employing the Nanoluciferase Binary
Technology (NanoBiT) system. As our previous data obtained
via these assays have been published using the prototypic
psychedelic drug LSD as the reference agonist and employing
the entire 2 h time-luminescence profile for the calculation of
the AUC,32,34,38,40−42 in Table 1 we present the results in those
same conditions.
Our functional data show that LSD (used as reference

agonist in Table 1) and serotonin displayed similar EC50 and
Emax values in the βarr2 recruitment assay (12.3 nM and 99.4%
vs 9.43 nM and 115%, respectively). In the miniGαq
recruitment assay, however, the potency of LSD was ∼7-fold
higher than that of serotonin (EC50 values of 12.3 and 88.1
nM, respectively), while the determined Emax for LSD was only
half of that observed for serotonin (98.4 and 207%,
respectively). This trend, as well as the obtained EC50 and

Emax values, is in agreement with our earlier findings,
employing the same experimental setup.34,38 Using a stable
cell line expressing the components of the βarr2 recruitment
assay rather than transiently transfected cells, as employed
here, we have previously determined agonist potency and
efficacy values for 2C-T-7 (1f) and 2C-D (1b), and the data
for these two compounds were in line with the values obtained
here.41

The results allowed us to estimate the effect caused by the
introduction of an α-methyl group (DOX) and the addition of
a substituted N-benzyl moiety (25X-NB) to 2C-X substances
(Figure 1, green and blue arrows, respectively). DOT (1h, or
Aleph), the α-methyl derivative of 2C-T (1e) displayed
comparable agonist potencies to 2C-T (1e) but increased
agonist efficacies [Emax: 114% (βarr2), 191% (miniGαq)].
These are remarkably high values for a DOX analogue, but this
observation agrees with previously described patterns from
phenylisopropylamine and phenethylamine comparisons,
which showed that the addition of an α-methyl group to the
2C-X scaffold, yielding the DOX analogues, results in similar
potencies but increased efficacies.28,41,44 DOT-7 (1i, or Aleph-
7), the phenylisopropylamine (DOX) analogue of 2C-T-7,
displayed a divergent activity profile from the “typical” pattern
described above. Particularly, 2C-T-7 (1f) and DOT-7 (1i)
had comparable potencies and efficacies in both assays, with
particularly high efficacies in the miniGαq recruitment assay for
both substances.
The addition of an ortho-substituted benzyl group at the

amine of 2C-T (1e) yielded 25T-NBOH (2a) and 25T-
NBOMe (2b), leading to a marked increase in potency and
efficacy in the two assays, compared to the parent phenethyl-
amine 2C-T (1e). The only exception was the efficacy of 25T-
NBOH (2a) in the miniGαq assay, which was similar to that of
2C-T (1e). Employing βarr2 and miniGαq recruitment assays,
as well as a PI hydrolysis assay, it has been reported that the
introduction of an N-benzyl function yields agonist analogues
with higher potencies and efficacies than their 2C-X counter-
parts.32,41,45 However, others have reported similar potencies
and decreased efficacies for the NB-derived analogues,
compared to the 2C-X counterparts, in a FLIPR assay.46

Likewise, the two N-benzyl substituted derivatives of 2C-T-7
(1f), 25T7-NBOH (2c) and 25T7-NBOMe (2d), also
displayed a divergent pattern. The potency of 25T7-NBOH
(2c) in the βarr2 recruitment assay was reduced compared to
2C-T-7 (1f), while its efficacy was markedly higher than that of
the parent compound. On the other hand, while the potencies
of 2C-T-7 (1f) and 25T7-NBOH (2c) were comparable in the
miniGαq recruitment assay, 25T7-NBOH (2c) exhibited a
lower efficacy in this assay. For 2C-T-7 (1f) and 25T7-
NBOMe (2d), the agonist potencies were very similar in both
assays, with the introduction of the N-benzyl substitution
increasing agonist efficacy in the βarr2 assay and slightly
decreasing the efficacy in the miniGαq assay (Table 1).
Various N-benzyl substitutions of 2C-N yielded analogues

with the following agonist potency ranking: 2C-N (1g) < 25N-
NBF (2g) < 25N-NBMD (2h) < 25N-NBOMe (2f) < 25N-
NBOH (2e) in both assays (Table 1). 25N-NBOH (2e) was
found to possess a remarkably high potency, exhibiting a sub-
nanomolar EC50 value in the βarr2 recruitment assay (Table
1), thus rendering it the most potent analogue in this study. In
both assays, 25N-NBOMe (2f) was the nitro analogue with the
highest agonist efficacy. The remarkably high potency observed
for most of the 25N compounds was consistent with
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observations by Eshleman et al., who reported a sub-
nanomolar EC50 for 25N-NBOMe (2f) in a PI hydrolysis
assay.47 All efficacies obtained for the N-benzyl substituted
analogues were higher than those of 2C-N in both assays,
except for 25N-NBF (2g) in the miniGαq recruitment assay.
The low activity of 25N-NBF concords with previous findings
of 25X-NB derivatives with other 4-position substitu-
ents.32,41,48

In the literature, the in vitro structure−activity relationship
(SAR) of 2C-X, DOX, and N-benzyl derivatives has been
assessed via different methods.28,41,44−46,49,50 Apparent dis-
crepancies between the results reported here and the literature
could be explained by differences in experimental conditions,
as in vitro assay outcomes can be influenced by the specific
assay platform, the choice of reference agonist, the assay
temperature�which can influence ligand kinetics�the serum
starving of cells, the expression levels of receptor and effector/
transducer proteins and their potential adaptations (such as the
introduction of a tag), and the compound’s stability in these
conditions, among other things. Furthermore, distinct readouts
may yield different results, e.g., endpoint readout vs a
continuous readout, and the time point chosen for analysis.
Importantly, the selection of an in vitro assay inherently always
entails both advantages and limitations. For a more detailed
analysis of factors potentially contributing to an assay’s
outcome, the reader is referred to Pottie and Stove.37

In the case of serotoninergic receptors, serotonin, which is
naturally present in serum, can affect receptor expression levels
or lead to agonist-induced receptor internalization.37 This is

relevant, as this can potentially affect an assay’s readout. We
therefore evaluated whether our results would be different
using serum-starved cells or using cells grown in medium
containing dialyzed serum. Experimental procedures are
outlined in the Supporting Information. In this assay format,
serum starving the cells did not appear to influence receptor
surface expression levels, as shown in Figure S2. Furthermore,
also growing the cells in dialyzed serum, which does not
contain serotonin, did not yield results different from those
with the described culturing conditions (Figure S3 and Table
S1).
Aside from the comparison of the activities between 2C-X,

DOX, and 25X-NB substances with the same 4-substituent
(Figure 1, green and blue arrows), the data allowed us to assess
the structure−activity relationship of differently substituted
2C-X substances (Figure 1, orange arrows). The seven 2,5-
dimethoxy-phenethylamines (Figure 1, highlighted in gray) are
substituted with 4-cyano, 4-nitro, 4-alkylthio, 4-alkyl, or 4-
ethoxymethyl groups. 2C-CN (1j), which has a cyano group at
the para-position of the phenyl ring displayed an EC50 value of
174 nM and an Emax of 73.3% in the βarr2 recruitment assay,
and an EC50 value of 503 nM and an Emax of 85.7% in the
miniGαq recruitment assay (Table 1). The 2C-X analogue with
a slightly less hydrophilic nitro group, 2C-N (1g), displayed
substantially lower EC50 values (32.2 and 92.5 nM in the βarr2
and miniGαq recruitment assays, respectively) and similar Emax
values (71.5 and 99.7%, respectively). Interestingly, we
observed that increasing the lipophilicity of the 2C-X
substances (estimated by the calculated octanol/water

Figure 2. (a−c) Predicted binding poses and ligand−receptor interactions of selected 4-substituted phenethylamines at the 5-HT2A. The ligands
are displayed as sticks, while the receptor is shown as gray lines and cartoon. Ligand−receptor interactions are displayed as dashed lines and colored
in green (aromatic, π−π stacking), yellow (hydrogen bond), and pink (salt-bridge). The receptor hydrophobic sub-pocket between TM4 and TM5
is shown as a surface and colored according to the Eisenberg hydrophobicity scale,58 from highly hydrophilic (blue) to highly hydrophobic
(yellow). (d) Linear correlation curve between the miniGαq (blue) and βarr2 (orange) recruitment assay Emax values and calculated c logD values
at pH 7.40.
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distribution at pH 7.4 (c logD7.4 values in Table 1)) coincided
with an increase in the potency and efficacy in both assay
formats, with low nanomolar EC50 values and extraordinarily
high Emax values (up to 174−183%, relative to LSD) for 2C-T-
7 and 2C-P in the miniGαq assay.

2.1.1. Computational Interpretation of the Results in the
2C-X Group. Since the only variable group within the subset of
2C-X compounds is in the 4-position of the phenethylamine,
the differences in their c logD7.4 values solely reflect the
contribution of that moiety to the overall ligand lipophilicity.
Interestingly, we found a strong linear correlation (r = 0.98, p <
0.0001) between ligand lipophilicity and the agonist efficacies
displayed by these compounds in both assays (Figure 2d). The
slope of the curves, however, differed considerably, being twice

as high for the miniGαq (61.1) as for the βarr2 (25.8) assay.
These observations suggested that an increase in the ligand
lipophilicity favored receptor activation and increased the
recruitment of both effector proteins, but that the miniGαq-
mediated recruitment was more significantly impacted.
Although these results aligned with previous reports that 5-
HT2A ligand affinity and activity increases with ligand
lipophilicity,51−53 to the best of our knowledge, this is the
first report indicating that lipophilicity may favor the
recruitment of one signaling protein (miniGαq) over another
(βarr2). Importantly, we cannot rule out that (some of the)
observed effects can (partially) be explained by the presence of
-and action at- intracellular 5-HT2A. Indeed, it can be
anticipated that with increasing lipophilicity the potential of

Figure 3. Concentration−response curves for each of the compounds in the βarr2 (orange) and miniGαq (blue) recruitment assays at the 5-HT2A.
Each point represents the mean of three independent experiments, each performed in duplicate ± SEM (standard error of the mean). Curves
represent three parametric, nonlinear fits of normalized and pooled data for each concentration tested, normalized with LSD as a reference agonist.
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compounds to penetrate the cell membrane will also increase.
In this context, recent research elegantly demonstrated the
importance of intracellular 5-HT2A in the effect of membrane-
permeable substances, but not of membrane-impermeable
substances, such as serotonin.16 Irrespective of the 5-HT2A
fraction(s) responsible for the observed effects, the differences
observed between both recruitment assays remain interesting.
While the evaluation of (differential) signaling by cell surface
and intracellular 5-HT2A fractions is a fascinating future
research avenue, it was beyond the scope of this manuscript to
further investigate this additional layer of complexity.
In an attempt to rationalize our experimental observations,

we docked the ligands in the cryo-EM structure of 5-HT2A
bound to 25CN-NBOH and coupled to a miniGαq chimera
(PDB 6WHA).54 As a means of validation of the protocol, the
docked position of 25CN-NBOH is shown in Figure S4 and
compared to the experimentally determined binding mode,
displaying an RMSD of 0.57 Å for all ligand heavy atoms. All
phenethylamines displayed similar top ranking binding modes
(Figure 2), with similar interactions to those of 25CN-NBOH
(Figure S4), which included (i) a salt-bridge interaction
between the positively charged amine and Asp1553x32�a key
interaction for ligands targeting aminergic GPCRs;55 (ii)
hydrogen bonding interaction between the positive amine and
Ser1593x36; and (iii) aromatic (π-π) interactions between the
phenethylamine ring and residues Phe3396x51 and
Phe3406x52.56 These two phenylalanine residues are strictly
conserved in the serotonergic GPCR family, being responsible
for the binding of serotonin’s indole ring57 and playing a
critical role in 2C-X/DOX binding and receptor activation at
the 5-HT2A.

45 Our docking results suggested that the various 4-
substituents in the phenethylamine ring occupied a subregion
of the binding pocket between TM4 and TM5 (Figure 2). This
sub-pocket is primarily formed by hydrophobic residues and is
capable of hosting 4-substituents as large as methoxyethyl,
propyl, and propylthio (Figure 2a−c). Moreover, due to its
hydrophobic nature, interaction with this pocket apparently
improves with increasing 4-substituent lipophilicity. This is
further supported by the estimated distances between the
terminal heavy atom of the 4-substituent in the predicted
binding pose of the phenethylamine substances and the closest
side chain heavy atom of the residues lining this hydrophobic
pocket between TM4 and TM5 in the 5-HT2A receptor, as
shown in Figure S5.
We hypothesize that the interaction between the 4-

substituent of the 2C-X series and the hydrophobic pocket
results in a conformational change at the 5-HT2A which
differentially impacts the recruitment of miniGαq and βarr2.
Thus, the interaction of 2C-X ligands containing longer (and
more hydrophobic) 4-alkyl or -alkylthio chains, such as 2C-P
(1c) and 2C-T-7 (1f), with this hydrophobic sub-pocket
promotes more efficacious miniGαq- than βarr2-recruitment,
compared to ligands such as 2C-D (1b) and 2C-T (1e), which
possess shorter 4-alkyl or -alkylthio chains, and even more
when compared to 2C-CN (1j) and 2C-N (1g), containing
comparatively more hydrophilic 4-substituents (Figure 2). It is
tempting to conclude that hydrophobic ligand moieties located
in this sub-pocket between TM4 and TM5 could be utilized to
design ligands with preference for miniGαq over βarr2
recruitment. However, even though the limited variation of
4-substituents investigated for DOX and N-benzyl-derived
substances does not make a similar analysis possible, it appears
that the same correlation between Emax and lipophilicity of 4-

substituents did not hold true for the DOX and N-benzyl-
substituted analogues (Table 1). Apparently, there is an
(additional) interplay with the substituent pattern on or near
the protonated nitrogen, which may favor different receptor
conformations. Future in-depth analysis of distinctly sub-
stituted analogues may yield additional valuable insights on the
effect of the 4-substituent.
2.2. Estimation of the Level of Biased Agonism. Aside

from assessing the structure−activity relationships of the test
compounds, the use of the two assay formats allowed for the
estimation of biased agonism, which is typically a complex
matter. In an attempt to counter the complexity associated
with bias estimates and their interpretation, community
guidelines on experiment design and reporting have now
been published by the International Union of Pharmacology.18

One important consideration is the definition of the system in
which the biased agonism is characterized, with the notion that
results obtained in one system may not necessarily be
translatable to others. Importantly, while the two NanoBiT
recruitment assays described in this study allow us to estimate
biased agonism at the upstream level in two highly similar
assays, this does not allow us to discern how a differential
recruitment of effector proteins translates into distinct
outcomes further downstream.
In this study, different quantitative and qualitative measures

assessing biased agonism have been employed to interpret the
obtained results. For the data obtained with LSD as a reference
agonist and using the AUC of the 2 h time−response curves
for data calculation, these measures are shown in Figure 3 (the
averaged concentration−response curves for each analogue in
the two functional assays), Figure 4 (quantitative bias factors,

calculated with LSD as a reference agonist), Figure 5 (bias
plots, each plotting curves for LSD as the reference agonist and
one of the tested compounds), and Figure 6 (the rank orders
of the agonist efficacies displayed by the compounds in the two
assays). Although overlaid curves (Figure 3), not encompass-
ing data obtained for a reference agonist, are not strictly a
means to identify biased agonism, they do allow us to rapidly
capture diverging functional properties.
In Figure 4, the calculated bias factors (β) are plotted. From

the formula, it can be derived that a bias factor close to 0
entails no strongly distinguishable difference from the signaling
pattern of the reference agonist LSD in the two measured

Figure 4. Visual representation of the bias factors (β) ± SEM
(standard error of the mean), where ** stands for p < 0.01 in the
nonparametric Kruskal−Wallis analysis of significance with post hoc
Dunn’s test. LSD is used as the reference agonist.
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Figure 5. Qualitative bias plots, where each panel shows the centered second-order polynomial fit of the activation values at equimolar
concentrations of the substance in the respective assays in red, and that of the reference agonist (in this case LSD) in black.
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outcomes, while a positive value suggests a relative preference
toward βarr2 recruitment, and a negative value a preferential
recruitment of miniGαq, relative to LSD. In this set of
compounds, all bias factors had positive values and statistical
analysis revealed the bias factors of 25N-NBF (2g), 25N-
NBMD (2h), and the endogenous agonist serotonin to be
statistically significantly different from LSD (Figure 4). While
these positive values nicely reflected the higher efficacy and
more potent activities of 25N-NBMD (2h) and 25N-NBF
(2g) in the βarr2 assay than in the miniGαq assay, they did not
account for the markedly higher efficacies of e.g., serotonin,
2C-T-7 (1f), DOT-7 (1i), DOT (1h), 2C-P (1c), and 2C-D
(1b) in the miniGαq assay. From our previous study, using the
same experimental setup, it also emerged that this quantitative
measure has its limitations and might not always reflect the
qualitative interpretation.32 Furthermore, a study extensively
comparing different methods of bias calculation unraveled
discrepancies between bias assessed by widely used methods.20

In recent guidelines, the use of bias plots has been suggested
to nonquantitatively confirm the existence of bias between two
assays.18,23,59 The qualitative interpretation emerging from the
plots in Figure 5 indicated a clear preference toward βarr2 over
miniGαq recruitment for all 25X-NB substances relative to
LSD. For the other tested compounds, the identification of a
preference toward either recruitment assay is less straightfor-
ward since their curves cross that of the reference agonist. This
indicates, in theory, that at lower concentrations the agonist
preferentially induces recruitment of one intracellular protein,
switching preference at higher concentrations.
Another proposed solution to avoid using models for ligand

bias assessment is to compare the rank order of the agonist
efficacies among the competing assays.20 In Figure 6, the ranks
of agonist efficacies of the test compounds in the βarr2 (x-axis)
and miniGαq (y-axis) recruitment assays are plotted. When the
identity line is drawn, the substances that are closer to the x-
axis are more inclined toward miniGαq recruitment, while
those closer to the y-axis are more inclined toward βarr2
recruitment. Moreover, the further from the identity line, the
larger the differences in rank order between the two assays. In
this approach, the classification of a given compound will
depend on the character of the other substances in the same
panel. In this case, 25N-NBF (2g) and 25N-NBMD (2h) again

stand out as the compounds with the strongest preference
toward βarr2 (relative to LSD), with the other 25X-NB
substances lying above the identity line, while serotonin, DOT
(1h), DOT-7 (1i), 2C-P (1c), and 2C-T-7 (1f) have a
relatively stronger preference toward miniGαq recruitment.
These findings appear to contradict the calculated bias factors,
which indicated a strong preference of serotonin toward βarr2
recruitment. Again, this illustrates the challenge of unequivocal
interpretation of biased agonism in a given dataset. Looking
into the comparison of the different methods, it is not
surprising that different methods can yield different results, as
distinct factors are taken into consideration by each method.
For example, the quantitative bias factors (Figure 4 and Table
1) take into account both Emax and EC50, whereas the “ranking
method” (Figure 6) only considers the eventual Emax of each
compound (e.g., explaining the above-mentioned apparent
discrepancy for serotonin). The bias plot, on the other hand,
also reflects the course of the concentration−response curve, as
also seen in the overlaid concentration−response curves.
From Figure 6, the overlaid curves (Figure 3), and the bias

plots (Figure 5), it can be deduced that the 2C-X substances
display either “unbiased” profiles compared to LSD or show a
relative preference toward miniGαq recruitment, especially at
higher concentrations. Moreover, the fact that 2C-P (1c) and
2C-T-7 (1f) are the 2C-X analogues that lie furthest away from
the identity line indicates their preference toward recruitment
of miniGαq. This is also reflected in our computational finding
that, with increasing lipophilicity of a substance, the efficacy of
miniGαq recruitment increases comparatively more than that
of βarr2 recruitment. All N-benzyl-derived substances, on the
other hand, lie above the identity line, an indication of their
preference toward the recruitment of βarr2 over miniGαq
recruitment, compared to LSD. This preference is also
reflected in the bias plots (Figure 5), and the overlaid curves
(Figure 3). 25N-NBF (2g) and 25N-NBMD (2h), which lie
the furthest above the identity line, additionally have bias
factors that are statistically significantly different from LSD,
with a clear preference toward βarr2. The relative βarr2-
preferring character of these N-benzyl (particularly -NBMD
and -NBF) derivatives is consistent with our observations in a
previous study.32 However, further investigation of these
substances is required to draw definitive conclusions.
2.3. Estimation of Structure−Activity Relations and

Relative Bias Is Not Influenced by Time Point of
Calculation. The time point at which the pharmacological
parameters and bias estimates are calculated can affect the
interpretation of functional assays’ results.18,36 Therefore, in
addition to using the 2 h AUC to generate concentration−
response curves, the potency and efficacy values were also
extracted from the time-luminescence profiles using the AUC
values from the first 30 min (Table S2 and Figures S6−S8).
Comparison of Table 1 with Table S2 shows that the obtained
EC50 values for the 30 min profiles in both assays were
consistently slightly higher, although with overlapping
confidence intervals (with only four exceptions). For the
βarr2 recruitment assay, the Emax values were similar in the two
measurement situations, whereas the Emax values in the
miniGαq assay were consistently higher for the 30 min profiles,
even though confidence intervals were overlapping for all
compounds except serotonin. Despite these numerical differ-
ences, the qualitative interpretation did not diverge from that
outlined above, except for the comparison between LSD and
serotonin in the βarr2 recruitment assay, as the EC50 value of

Figure 6. Visual representation of the differences in ranking order of
the substances’ efficacies in the βarr2 and miniGαq assay at the 5-
HT2A. The x-axis shows the relative ranking of the substance in the
βarr2 assay, and the y-axis shows that in the miniGαq assay. The
substances that are on the right part of the “identity line” have a
relative preference toward miniGαq recruitment, and the ones above
the line toward βarr2 recruitment, with substances being further away
from the unity line having a larger difference in ranking order.
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LSD was higher than that of serotonin when using the first 30
min of the activation profile, as also observed in a previous
study.38

From the calculated bias factors, the same compounds as
described above emerged as statistically significantly biased
toward the recruitment of βarr2, relative to LSD: 25N-NBMD,
25N-NBF, and serotonin. These results show that taking a
different time point for calculating the obtained data does not
yield a divergent interpretation of the results, but results in
rather small numeric differences. However, it cannot be
excluded that other time points and/or other ligands would
yield different effects. Significant differences between assays
have been found when assessing different time points. Wacker
et al. reported on a substantial increase in the potency of LSD
upon increasing incubation times, tested in various assay
formats, but each format having an endpoint readout, which
may lead to different relative data interpretations.30

2.4. Influence of the Employed Reference Agonist on
the Observed Outcomes. Reference agonists allow the
comparison of results across studies by reducing system biases
that depend on system properties, such as the experimental
setup and the cell line used. As both the reference agonist and
the tested ligands are influenced by the same confounders in a
similar way, the use of a reference agonist cancels out (or at
least reduces) the effects of these factors when comparing
across different systems.18,21 The well-described psychedelic
LSD and the endogenous 5-HT2A agonist serotonin are
frequently used references in the literature. Therefore, we
included serotonin as a second reference agonist in this set of
experiments (Table S3 and Figures S9−S11). Comparing the
data in Table 1 with those in Table S3, it is clear that the
obtained EC50 values differ only marginally and show
overlapping confidence intervals (the differences can actually
be explained by rounding differences in the calculation of
normalized values). A schematic overview of the data analysis
is provided in Figure S1. On the other hand, the relative Emax
values change more profoundly, especially for the miniGαq
assay, resulting in a more narrow range of efficacies. This is not
surprising given the similar Emax values displayed by LSD and
serotonin in the βarr2 assay and the 2-fold higher Emax of
serotonin compared to LSD in the miniGαq assay. More
importantly, the use of a different reference agonist did not
markedly influence the observed relative structure−activity
relationships. Additionally, the data in Table S4 show that the
use of the first 30 min of the activation profile with serotonin
as a reference agonist did not alter the previous conclusions
about structure−activity relationships, despite numerical differ-
ences.
However, the choice of the reference agonist did affect the

bias determination. In the preceding sections, LSD was used as
the reference agonist because of its high relevance in the
context of psychedelic substances and for comparability with
previous studies.18,32,38,40−42 Inherently, the resulting out-
comes are solely a measure of biased agonism relative to LSD
in the respective systems (i.e., “benchmark bias”), without
inferring pathway-biased agonism, where bias estimates are
relative to an established “balanced” reference agonist, or
physiology-biased agonism, where bias estimates are relative to
the endogenous agonist, representing signaling in the
physiological situation�it should be noted that an endoge-
nous agonist is not necessarily “balanced.”18 As serotonin, used
as a second reference ligand, is also the endogenous agonist of
the 5-HT2A, physiology-biased agonism is being assessed when

using serotonin as the reference comparator. The pharmaco-
logical parameters and bias estimates with serotonin as
reference are provided in Table S3 and Figures S9−S11.
From Figure S10, it can be derived that the quantitative bias

factors follow the same trend as those in Figure 4. However, all
values are ∼0.7 lower than those obtained with LSD as a
reference agonist, hence yielding negative values for all
substances (indicative of a preference toward the recruitment
of miniGαq compared to serotonin), except for 25N-NBMD
(2h) and 25N-NBF (2g). The most negative value is that of
LSD. Again, these calculated bias factors do not necessarily
support the qualitative observations in the overlaid curves
(Figure S9), where many of the substances yield higher and
more leftward-shifted curves (indicative of a higher potency)
for the recruitment of βarr2 compared to miniGαq. The
estimation of bias from the bias plots (Figure S11) yielded
clear preferences toward the recruitment of βarr2 over
miniGαq recruitment relative to serotonin for certain
substances, e.g., 25N-NBMD (2h) and 25N-NBF (2g). On
the other hand, the plots of 2C-D (1b), 2C-P (1c), 1d, 2C-T-7
(1f), DOT-7 (1i), 2C-T (1e), 2C-N (1g) and DOT (1h)
suggested a (slight) relative preference toward the recruitment
of miniGαq. Measures of biased agonism using the first 30 min
of the activation profile largely yielded similar observations
(Table S4 and Figures S12−S14).
In conclusion, we reported here on a comparative analysis of

a set of 2C-X, DOX, and N-benzyl-derived phenylalkylamine
analogues with differing lipophilic characters in two highly
analogous recruitment assays at the 5-HT2A. In both assays,
EC50 values and Emax values spanned a broad range, and the
obtained values enabled SAR assessment. The analysis revealed
that the Emax values of the 2C-X analogues in both assays
correlated to the calculated c logD7.4 values, a measure of their
lipophilicity. A molecular docking approach supported the
hypothesis that this effect may be related to the positioning of
the 4-substituent of 2C-X substances in a highly hydrophobic
pocket between TM4 and TM5 of 5-HT2A. Further analysis is
warranted to confirm the observed pattern over a broader
range of 2C-X substances and to verify whether such pattern
also exists for the DOX and N-benzyl-derived phenylethyl-
amines. Furthermore, the concomitant use of two assays
allowed for the assessment of biased agonism, hinting at 2C-X
substances being either unbiased or (weakly) miniGαq-
preferring compared to LSD and the N-benzyl-derived
analogues showing a relative preference toward βarr2 recruit-
ment, when assessing the outcomes via qualitative methods.
However, these qualitative findings are not necessarily reflected
in the quantitative bias factors, except for 25N-NBF (2g) and
25N-NBMD (2h), which show the strongest preference
toward βarr2 recruitment when using LSD as reference
agonist. The use of the endogenous 5-HT2A agonist serotonin
as an alternative reference agonist, or calculation of the
outcomes at a different time point, did not affect the
interpretation of the SAR, although the obtained numerical
values obviously differed. Furthermore, the use of two
reference agonists also enabled the estimation of both
“benchmark”- and “physiology”-based bias. Although clearly
different outcomes were obtained, depending on the reference
used, the relative trends of the bias factors remained,
irrespective of the reference. Altogether, this study has
provided novel insights into the structure−activity relation-
ships of a set of diversely substituted phenylalkylamines and
has utilized the data obtained from two highly related in vitro
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assays to perform an in-depth analysis of the concept of biased
agonism at 5-HT2A.

3. MATERIALS AND METHODS
3.1. Chemicals and Reagents. Dulbecco’s modified Eagle’s

medium (DMEM), OptiMEM, amphotericin B, penicillin/strepto-
mycin, and Hank’s Balanced Salt Solution (HBSS) were purchased
from Fisher Scientific (Merelbeke, Belgium). FuGENE HD trans-
fection reagent and NanoGlo Live Cell Reagent were from Promega
(Madison, WI). Serotonin and poly-D-lysine hydrobromide were
bought from Sigma-Aldrich (Steinheim, Germany), and the analytical
standards of LSD (lysergic acid diethylamide) and 25D-NBOMe HCl
from were purchased from Chiron AS (Trondheim, Norway).
3.2. Chemical Synthesis of the Test Compounds. The

phenethylamine analogues were all prepared according to previously
described methods.7,48,60 Briefly, the corresponding aldehyde was
condensed with nitromethane or nitroethane and the resulting
nitrostyrene was subsequently reduced with lithium aluminum
hydride. 1d was prepared via formylation of the 4-position of
phthalimide-protected 2,5-dimethoxyphenethylamine followed by
reduction and alkylation with ethyl iodide, and final deprotection
with hydrazine.60 2C-N (1g) was prepared from 2,5-dimethoxyphe-
nethylamine (1a), via nitration of the 4-position.7 In order to obtain
phenethylamine 2C-CN (1j), compound 1a was brominated in the
para-position and subsequently the amine was converted to the
corresponding phthalimide.7 This was followed by a copper-catalyzed
cyanation on the 4-bromo moiety and subsequently the amine was
deprotected with NH2NH2.

61 The N-benzyl analogues were prepared
via reductive amination of the corresponding phenethylamines and
the appropriate benzylaldehyde. 25T-NBOH, 25T-NBOMe, 25T7-
NBOH, and 25T7-NBOMe (2a−2d, respectively) were prepared
according to the previously reported method.48 25N-NBOH, 25N-
NBOMe, 25N-NBF, and 25N-NBMD, (2e−2h, respectively) were
prepared in a similar fashion starting from 2C-N (1g), in ∼70% yield
(Scheme 1).

All reactions involving dry solvents or sensitive agents were
performed under a nitrogen atmosphere and glassware was dried prior
to use. Commercially available chemicals were used without further
purification. Solvents were dried prior to use with an SG water solvent
purification system or dried by standard procedures, and reactions
were monitored by analytical thin-layer chromatography (TLC,
Merck silica gel 60 F254 aluminum sheets). Flash chromatography

was carried out using Merck silica gel 60A (35−70 μm). 1H NMR
spectra were recorded on a 400 MHz Bruker Avance III or 600 MHz
Bruker Avance III HD, and 13C NMR spectra on a 101 MHz Bruker
Avance III or 151 MHz Bruker Avance III HD. Analytical HPLC was
performed using an UltiMate HPLC system consisting of an LPG-
3400A pump (1 mL/min), a WPS-3000SL autosampler, and a 3000
Diode Array Detector installed with a Gemini-NX C18 (250 × 4.60
mm2, 3 μm) column. Solvent A: H2O + 0.1% TFA; Solvent B:
MeCN-H2O 9:1 + 0.1% TFA. For HPLC control, data collection, and
data handling, Chromeleon software v. 6.80 was used. UHPLC-MS
spectra were recorded using an Acquity UPLC H-Class Waters series
solvent delivery system equipped with an autoinjector coupled to an
Acquity QDa and TUV detectors installed with an Acquity UPLC
BEH C18 (50 × 2.1 mm2, 1.7 μm) column. Solvent A: 5% aq. MeCN
+ 0.1% HCO2H: Solvent B: MeCN + 0.1% HCO2H. Usually,
gradients from A:B 1:0 to 1:1 (5 min) or A:B 1:0 to 0−50 (5 min),
were performed depending on the polarity of the compounds. For
data collection and data handling, MassLynx software was used.
Compounds were dried under high vacuum or freeze-dried using a
ScanVac Cool Safe Freeze Drier. The purity of compounds submitted
for pharmacological characterization was determined by 1H NMR and
HPLC to be >95%.

3.2.1. General Procedure (A) for the Synthesis of Secondary
Amines. The aldehyde (1.1 equiv) was added to a suspension of the
phenethylamine hydrochloride (1 equiv) and Et3N (1.0 equiv) in
EtOH. The reaction mixture was stirred until the formation of the
imine was complete (30 min to 3 h). After addition of NaBH4 (2.0
equiv), the mixture was stirred for 45 min and concentrated under
reduced pressure. The residue was partitioned in CH2Cl2/H2O (1:1
v/v) and the aqueous phase was further extracted with CH2Cl2 (2×).
The organic layers were combined, dried over NaSO4, filtered, and
evaporated under reduced pressure. The secondary amine product
was purified by column chromatography (CH2Cl2/MeOH + Et3N,
98.2:1.4 + 0.25%) and precipitated by the addition of HCl in dioxane
(1.5 equiv) under continuous stirring. The solid fraction was filtered,
dried under reduced pressure, dissolved in a minimum amount of
MeOH, and precipitated by the addition of Et2O. The product was
collected by filtration and dried under reduced pressure.

3.2.1.1. 2-(2,5-Dimethoxy-4-methylphenyl)ethan-1-amine Hy-
drochloride (2C-D, 1b). 1b was prepared according to reported
conditions.7,48 Characterization was in accordance with reported
values.

3.2.1.2. 2-(2,5-Dimethoxy-4-propylphenyl)ethan-1-amine Hydro-
chloride (2C-P, 1c). 1c was prepared according to reported
conditions.7,48 Characterization was in accordance with reported
values.

3.2.1.3. 2-(4-(Ethoxymethyl)-2,5-dimethoxyphenyl)ethan-1-
amine Hydrochloride (1d). 1d was prepared according to reported
conditions, and the characterization was in accordance with reported
values.60

3.2.1.4. 2-(2,5-Dimethoxy-4-(methylthio)phenyl)ethan-1-amine
Hydrochloride (2C-T, 1e). 1e was prepared according to reported
conditions.7,48 Characterization was in accordance with reported
values.

3.2.1.5. 2-(2,5-Dimethoxy-4-(propylthio)phenyl)ethan-1-amine
Hydrochloride (2C-T-7, 1f). 1f was prepared according to reported
conditions.7,48 Characterization was in accordance with reported
values.

3.2.1.6. 2-(2,5-Dimethoxy-4-nitrophenyl)ethan-1-amine Hydro-
chloride (2C-N, 1g). 1g was prepared according to reported
conditions.7 1H NMR (600 MHz, DMSO) δ 7.98 (br, 3H), 7.51 (s,
1H), 3.89 (s, 3H), 3.83 (s, 3H), 3.04 (t, J = 7.1 Hz, 2H), 2.94 (t, J =
7.3 Hz, 2H). 13C NMR (151 MHz, DMSO) δ 150.4, 146.1, 137.7,
132.5, 116.8, 107.2, 57.0, 56.3, 38.0, 27.9.

3.2.1.7. 1-(2,5-Dimethoxy-4-(methylthio)phenyl)propan-2-amine
Hydrochloride (DOT, 1h). 1h was prepared according to reported
conditions.7,62 Characterization was in accordance with reported
values. 1H NMR (600 MHz, DMSO) δ 7.96 (s, 3H), 6.82 (s, 1H),
6.76 (s, 1H), 3.79 (s, 3H), 3.76 (s, 3H), 3.42−3.35 (m, 1H), 2.87
(dd, J = 13.3, 5.9 Hz, 1H), 2.70 (dd, J = 13.3, 8.2 Hz, 1H), 2.41 (s,

Scheme 1. Synthesis of the Phenylalkylamines and Their
Corresponding N-Benzyl Analoguesa

aReaction conditions: (a) (i) aldehyde, EtOH, rt; (ii) NaBH4, EtOH,
rt; (b) (i) phthalic anhydride, toluene, reflux; (ii) TiCl4,
dichloromethyl methyl ether/4-chlorobutanoyl chloride, CH2Cl2,
−10 to 0 °C; (iii) NaBH4, EtOH, rt; (iv) NaH, EtI, DMF, 0 °C to
rt; (v) hydrazine (aq.), THF, rt; (c) HNO3 (70%), AcOH, 0 °C−rt.
(d) (i) Br2, AcOH, rt; (ii) phthalic anhydride, toluene, reflux; (iii)
Cu(I)CN, DMF, reflux; (iv) hydrazine (aq.), THF, rt.
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3H), 1.11 (d, J = 6.6 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 151.8,
149.4, 125.9, 121.1, 113.9, 109.1, 56.2, 56.1, 46.9, 34.6, 17.9, 13.7.

3.2.1.8. 1-(2,5-Dimethoxy-4-(propylthio)phenyl)propan-2-amine
Hydrochloride (DOT-7, 1i). 1i was prepared according to reported
conditions.7,62 Characterization was in accordance with reported
values. 1H NMR (600 MHz, DMSO) δ 7.94 (s, 3H), 6.83 (s, 1H),
6.83 (s, 1H), 3.77 (s, 3H), 3.76 (s, 3H), 3.43−3.35 (m, 1H), 2.92−
2.83 (m, 3H), 2.70 (dd, J = 13.3, 8.1 Hz, 1H), 1.59 (h, J = 7.3 Hz,
2H), 1.11 (d, J = 6.5 Hz, 3H), 0.99 (t, J = 7.3 Hz, 3H). 13C NMR
(151 MHz, DMSO) δ 151.5, 150.3, 123.9, 122.1, 114.3, 111.2, 56.2,
56.0, 46.9, 34.6, 32.6, 21.7, 17.9, 13.3.

3.2.1.9. 2-(((2,5-Dimethoxy-4-(methylthio)phenethyl)amino)-
methyl)phenol Hydrochloride (25T-NBOH, 2a). 2a was prepared
according to reported conditions, and the characterization was in
accordance with reported values.48

3.2.1.10. 2-(2,5-Dimethoxy-4-(methylthio)phenyl)-N-(2-
methoxybenzyl)ethan-1-amine Hydrochloride (25T-NBOMe, 2b).
2b was prepared according to reported conditions, and the
characterization was in accordance with reported values.48

3.2.1.11. 2-(((2,5-Dimethoxy-4-(propylthio)phenethyl)amino)-
methyl)phenol Hydrochloride (25T7-NBOH, 2c). 2c was prepared
according to reported conditions, and the characterization was in
accordance with reported values.48

3.2.1.12. 2-(2,5-Dimethoxy-4-(propylthio)phenyl)-N-(2-
methoxybenzyl)ethan-1-amine Hydrochloride (25T7-NBOMe, 2d).
2d was prepared according to reported conditions, and the
characterization was in accordance with reported values.48

3.2.1.13. 2-(((2,5-Dimethoxy-4-nitrophenethyl)amino)methyl)-
phenol Hydrochloride (25N-NBOH, 2e). Synthesized from 2-(2,5-
dimethoxy-4-nitrophenyl)ethan-1-amine hydrochloride and salicylal-
dehyde by general procedure A in 72% yield as an orange solid. 1H
NMR (600 MHz, DMSO) δ 7.45 (s, 1H), 7.21 (s, 1H), 7.05 (d, J =
7.1 Hz, 2H), 6.70 (dt, J = 2.0, 7.4 Hz, 1H), 6.67 (q, J = 3.3 Hz, 1H),
3.87 (s, 3H), 3.81 (s, 2H), 3.78 (s, 3H), 2.81 (t, J = 3.0 Hz, 2H), 2.78
(t, J = 2.9 Hz, 2H). 13C NMR (151 MHz, DMSO) δ 157.2, 150.3,
146.3, 136.9, 136.0, 128.5, 127.8, 124.2, 118.4, 116.5, 115.3, 107.1,
56.1, 54.9, 50.3, 47.6, 30.0.

3.2.1.14. 2-(2,5-Dimethoxy-4-nitrophenyl)-N-(2-methoxybenzyl)-
ethan-1-amine Hydrochloride (25N-NBOMe, 2f). Synthesized from
2-(2,5-dimethoxy-4-nitrophenyl)ethan-1-amine hydrochloride and 2-
methoxybenzaldehyde by general procedure A in 73% yield as an
orange solid. 1H NMR (600 MHz, DMSO) δ 9.11 (s, 2H), 7.51 (s,
1H), 7.48 (dd, J = 7.5, 1.7 Hz, 1H), 7.42 (ddd, J = 8.3, 7.4, 1.7 Hz,
1H), 7.29 (s, 1H), 7.10 (dd, J = 8.3, 1.0 Hz, 1H), 7.01 (td, J = 7.4, 1.0
Hz, 1H), 4.14 (t, J = 5.4 Hz, 2H), 3.89 (s, 3H), 3.84 (s, 3H), 3.81 (s,
3H), 3.19−3.11 (m, 2H), 3.09−3.03 (m, 2H). 13C NMR (151 MHz,
DMSO) δ 157.5, 150.4, 146.1, 137.7, 132.4, 131.4, 130.8, 120.4,
119.6, 116.7, 111.1, 107.3, 57.0, 56.3, 55.6, 45.5, 45.0, 26.4.

3.2.1.15. 2-(2,5-Dimethoxy-4-nitrophenyl)-N-(2-fluorobenzyl)-
ethan-1-amine Hydrochloride (25N-NBF, 2g). Synthesized from 2-
(2,5-dimethoxy-4-nitrophenyl)ethan-1-amine hydrochloride and 2-
fluorobenzaldehyde by general procedure A in 69% yield as an orange
solid. 1H NMR (600 MHz, DMSO) δ 7.43 (t, J = 7.6 Hz, 1H), 7.28
(q, J = 6.3 Hz, 1H), 7.14 (m, J = 5.8, 1H), 3.86 (s, 3H), 3.79 (s, 3H),
3.76 (s, 2H), 2.79 (t, J = 6.2, 2H), 2.75 (t, J = 6.6 Hz, 2H). 13C NMR
(151 MHz, DMSO) δ 161.2, 150.3, 146.3, 136.8, 136.5, 130.3, 128.4,
124.1, 116.5, 114.9, 114.8, 107.0, 56.8, 56.1, 48.1, 45.6, 30.4.

3.2.1.16. N-(Benzo[d][1,3]dioxol-4-ylmethyl)-2-(2,5-dimethoxy-4-
nitrophenyl)ethan-1-amine Hydrochloride (25N-NBMD, 2h). Syn-
thesized from 2-(2,5-dimethoxy-4-nitrophenyl)ethan-1-amine hydro-
chloride and 2,3-(methylenedioxy)benzaldehyde by general procedure
A in 70% yield as an orange solid. 1H NMR (400 MHz, DMSO) δ
7.44 (s, 1H), 7.21 (s, 1H), 6.83 (m, J = 3.3 Hz, 1H), 6.78 (m, J = 3.1
Hz, 2H), 5.96 (s, 2H), 3.85 (s, 3H), 3.78 (s, 3H), 3.67 (s, 2H), 2.76
(m, J = 5.3 Hz, 4H). 13C NMR (151 MHz, DMSO) δ 150.5, 147.2,
146.2, 137.8, 132.4, 123.2, 121.9, 116.8, 113.1, 109.3, 107.4, 101.3,
57.1, 56.4, 45.6, 43.7, 26.6.

3.2.1.17. 4-(2-Aminoethyl)-2,5-dimethoxybenzonitrile Hydro-
chloride (2C-CN, 1j). 1j was prepared according to reported
conditions, and the characterization was in accordance with reported
values.61

3.3. NanoBiT Functional Complementation Assays. Two
functional complementation assays, employing the NanoBiT system
to monitor the recruitment of either SmBiT-βarr2 or SmBiT-miniGαq
to 5-HT2A-LgBiT, were carried out in parallel, as described before.32,38

NanoBiT employs two subunits of a split nanoluciferase (SmBiT and
LgBiT) to monitor protein-protein interactions in live cells. To this
end, each interacting partner, here 5-HT2A and either βarr2 or
miniGαq, is fused to one of the enzyme fragments. Upon protein
interaction, i.e., the recruitment of βarr2 or miniGαq to the agonist-
bound 5-HT2A, the inactive subunits of the split nanoluciferase are
functionally complemented, leading to a luminescent signal in the
presence of the enzyme’s substrate.63 Transient transfection of HEK
(Human Embryonic Kidney) 293T cells was used, as�for unknown
reasons�previous attempts to establish a stable cell system co-
expressing 5-HT2A-LgBiT with SmBiT-miniGαq were not successful
(in contrast to the successful generation of a 5-HT2A-LgBiT−SmBiT-
βarr2 cell line).

More specifically, HEK293T cells were routinely cultured in
DMEM supplemented with 10% heat-inactivated FBS, 100 IU/mL of
penicillin, 100 μg/mL of streptomycin, and 0.25 μg/mL amphotericin
B, at 37 °C and 5% CO2 in a humidified atmosphere. For the assay,
the cells were seeded in 6-well plates at a density of 500 000 cells per
well, and incubated overnight. Subsequently, each well was transfected
with 3.3 μg of DNA (consisting of 1.65 μg of 5-HT2A-LgBiT construct
and 1.65 μg of either SmBiT-βarr2 or SmBiT-miniGαq), using
FuGENE HD transfection reagent in a 3:1 FuGENE:DNA ratio in
OptiMEM, according to the manufacturer’s protocol. Twenty-four
hours post-transfection, the cells were reseeded in poly-D-lysine
coated 96-well plates at a density of 50 000 cells per well. Following
overnight incubation, the cells were washed twice with HBSS, and 100
μL of HBSS was added to each well. To this, 25 μL of NanoGlo Live
Cell reagent (diluted 1/20 in the provided LCS dilution buffer,
according to the manufacturer’s protocol), was added, and the plate
was placed in the Tristar2 LB 942 multimode microplate reader
(Berthold Technologies GmbH & Co, Germany) until equilibration
of the signal. After the equilibration phase, 10 μL of 13.5×
concentrated agonist solutions were added, and the luminescent
signal was continuously monitored for 2 h (resulting in each well
being measured every 2 min) at room temperature. Each substance
was measured in at least three independent experiments, with
duplicates per concentration, and including a concentration range of
reference agonists LSD and serotonin per experiment, along with the
appropriate solvent controls.

3.3.1. Data Analysis. Data were analyzed as previously described in
more detail.64 The obtained time-luminescence profiles were
corrected for inter-well variability, and the area under the curve
(AUC) was calculated. After subtraction of the corresponding blank’s
AUC, the values were transferred to GraphPad Prism software (San
Diego, CA). Concentration−response curves were fit through a three
parametric nonlinear regression analysis (as a Hill slope of 1 is
required for the calculation of the bias factors), followed by
normalization of the data of the individual experiments, with the
maximal response of the respective reference agonist defined as 100%.
Subsequently, all normalized data from the individual experiments
were pooled, and total EC50 and Emax values were generated by fitting
the curve through the normalized and pooled data of the individual
concentration points. A schematic overview of this procedure is
provided in Figure S1.

Bias plots were generated by means of a centered second-order
polynomial fitting of the normalized and pooled data obtained for the
individual concentration points in the βarr2 (abscissa) or miniGαq
(ordinate) assay format. Bias factors (βi) were calculated following the
relative intrinsic activity approach.22,65 For each compound, RAi
values were calculated respective to either reference agonist, and in
each assay format separately
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×
×
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Per individual compound, the RAi values were then combined into a
bias factor, βi, for the respective reference agonist (either LSD or
serotonin)

=
i

k
jjjjjjj

y

{
zzzzzzzlog

RA

RA
i

i,reference
arr2

i,reference
miniG q

The formula implies that the reference agonist used will have a βi of 0,
whereas a compound with a positive value for βi preferentially induced
the recruitment of βarr2 over the recruitment of miniGαq, compared
to the respective reference agonist, and vice versa. A Kruskal−Wallis
analysis (the nonparametric alternative to one-way ANOVA) with
post hoc Dunn’s test was used to estimate the statistical probability of
a certain βi to be different from 0.
3.4. Molecular Modeling. All molecular modeling calculations

were performed in the Schrödinger Drug Discovery Suite (Release
2021-4, Schrödinger LLC, New York, NY, 2021). The ligands were
sketched in Maestro (2D Sketcher). Charges, ionization states at pH
7.0 ± 2.0, 3D coordinates, and conformational minimization were
performed with LigPrep in default settings and the OPLS4 force
field.66 For the ligands with multiple protonation states, only the state
with a positive charge on the amine was kept, as the salt-bridge
interaction between this group and Asp1553x32 is recognized as critical
for ligand binding.67 For DOX (DOT, DOT-7), only the R-isomers
were selected for docking, as these are the most active.68

The cryo-EM structure of the 5-HT2A in complex to 25CN-NBOH
and bound to a miniGαq protein chimera54 was downloaded from
PDB (accession code 6WHA) and prepared in the Protein
Preparation Wizard69 using default settings. For 25CN-NBOH, the
protonation states at pH 7.0 ± 2.0 were generated with Epik v5.8,70,71

and the protonation state with a positive charge in the amine group
was selected. The protein hydrogen bond network was optimized with
ProPKA72,73 at pH 7.0 and using ProtAssign69 for the automatic
optimization of hydroxyl, Asn, Gln, and His side chains. This was
followed by two cycles of restrained minimization using Impact v9.374

in the OPLS4 force field with heavy atom convergence RMSD of 0.30
Å at each cycle. The prepared 5-HT2A structure was used for docking
grid generation. The docking grid was centered around the
experimental ligand (25CN-NBOH), and no scaling factor was
applied to the receptor atoms. The side chains of Ser1593x36,
Thr1603x37, Ser2395x44, Ser2425x461, and Tyr3707x42 were defined with
rotatable hydroxy groups. No additional constraints were applied, and
all other settings were kept at default values.

Ligand dockings were performed in Glide v9.375,76 in extra
precision mode77 and the OPLS4 force field. The van der Waals radii
of ligand atoms were not scaled, i.e., the default scaling value was
changed from 0.8 to 1.0, as the docking involved a congeneric series
to the experimental ligand. The sampling of nitrogen inversions and
ring conformations were allowed, as well as enhanced planarity for
conjugated π groups. Five docking poses were written per ligand,
followed by a post-docking optimization with a rejection threshold of
0.50 kcal/mol and the application of strain correction terms. All other
settings were kept in the standard (default) values. The docking poses
were selected based on the lowest docking score and lowest RMSD to
the experimentally bound ligand.

Ligand−receptor interaction and structural interaction fingerprints
(SIFt) were calculated and visualized using PyMOL (The PyMOL
Molecular Graphics System, Schrödinger LLC, New York, 2020) and
using the plugin Intermezzo (v1.2, Ochoa et al., unpublished, available
at http://mordred.bioc.cam.ac.uk/intermezzo). The pocket was
defined by a set of residues within 5.0 Å of 25CN-NBOH in the
template structure. The distribution constant between octanol/water
at pH 7.40 (c logD7.4) was calculated in Chemicalize (ChemAxon
Kft., Budapest, 2022). Linear correlation curves and other statistical
analysis methods were done in OriginPro 2020 (OriginLab
Corporation, Northampton, 2019), which was also used to generate
the plots. The statistical significance of correlations was assessed via
analysis of covariance (ANOVA) with a confidence level of 95%. The

GPCRdb numbering scheme was used to assign the generic residue
numbers throughout the manuscript and figures.78
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